Introduction
Dissolved organic matter (DOM), as used in environmental sciences, refers to the collection of organic compounds present in a solution in surface, soil, and ground water. Some of the major constituents are humic substances, while the minor components include carbohydrates, amino acids, hydrocarbons, sterols, alcohols, ketones, ethers, pigments, and anthropogenic organic contaminants. 1 DOM is increasingly recognized as exhibiting many important ecological and geochemical functional properties, including light absorption, aggregation, photochemical reactivity, adsorption at the surface, and binding of protons, heavy metals, aluminum, radionuclides, and organic contaminants. 2 Information about these properties has been obtained largely from laboratory experiments with isolated fractions, particularly in the case of humic substances taken from different natural environments by various isolation methods. However, the information thus obtained cannot be considered quantitatively reliable because the reported methods detect only a certain fraction of humic substances, 3 the amount of which varies between different systems. In other words, because no reliable method for quantitative analysis of humic substances has yet been reported, 4 it is difficult to obtain from this detailed laboratory-based information a quantitative understanding and prediction of the above-mentioned environmental roles of these substances. Therefore, to determine the actual properties of humic substances, it is essential to establish a systematic analytical method.
Quantifying aquatic humic substances (AHSs) is not an easy task, because their undefined nature renders the search for a shared and measurable property far from straightforward. The few methods available to date have proven to be unsatisfactory. Among these, ultraviolet-visible spectroscopy (UV-Vis) and fluorescence spectroscopy techniques are most widely used. However, their value as quantification methods remains disputable because they detect only a certain fraction of AHS, 3 the amount of which varies between systems. In addition, UV-Vis is not sufficiently sensitive for samples with low AHS content.
A second method, recently reported, involves electroanalytical cathodic stripping, preceded by the adsorptive collection of molybdenum(VI)-humic substance complexes. 4, 5 This method is quick and reliable, but requires special or expensive apparatus. A third method involves a carbon concentration-based resin isolation (adsorption) technique. [6] [7] [8] [9] In previous studies, this method required large volumes of water, and was tedious and time consuming. Moreover, all of these methods suffer from the common disadvantage that, for the analysis of clear-water samples, the concentration of carbon contaminants (impurities) often exceeds that of the AHSs.
Among these methods, that based on resin adsorption may most easily gain acceptance among humic substance researchers. Humic substances from various environmental sources can be defined only operationally based on the isolation procedure, and the most frequently applied AHS isolation procedure is resin adsorption. 10, 11 This study aims to develop a quantitative method for determining AHS levels by applying carbon concentration-based resin isolation techniques to conventionally defined humic substances. We defined an AHS fraction as a DAX-8-adsorbed fraction (DAX-8 from Supelco, Bellefonte, PA). The developed method should provide an accurate result quickly with just a small amount of sample solution and, ideally, should avoid the problem of carbon contamination. Furthermore, it should be developed using standard sample solutions. 
Notes

Experimental
Study areas and water sampling
To optimize conditions for quantitative analysis of AHSs by our proposed method, clear-water samples were collected from Lake Biwa's north basin (BN) and Pond Mikuni-ike (MK). Lake Biwa is the largest lake in Japan, with a surface area of 670 km 2 and maximum depth of 103.6 m. 12 The water samples were collected in coastal areas of the north basin. Pond Mikuni-ike is a small reservoir located high up within the Rokko Mountains.
To determine the upper limit of sample DOM concentration that our proposed method can handle, water from a high-DOM peat bog in Scotland (SL) was also collected. Water extracted from the bog was prepared by shaking. In particular, 200 g of fresh peat was extracted with 1 L of ultrapure Milli-Q water (MQ; resistance, 18.3 MΩ; Millipore, Billerica, MA) at a peat-to-solution ratio of 1:5. The suspensions were shaken at 130 revolutions per minute (rpm) and 5 C for 48 h, centrifuged (9000g, 20 min), and filtered through a prewashed glass fiber filter (ADVANTEC GF-75; 0.3 μm nominal rating; Advantec MFS Inc., Tokyo, Japan). The centrifugation and filtration procedures were repeated in triplicate, and the final three extracts were combined.
Resin preparation
Nonionic resin DAX-8 was prepared for use by crushing to a fine powder (grain size 0.2 -0.05 mm), washing five times in 0.1 M NaOH, rinsing with distilled water until neutralized, and extracting sequentially with methanol, acetonitrile, acetone, and methanol, each for 24 h, in a Soxhlet apparatus. After extraction, the organic solvents were removed from the resin by drying under reduced pressure. Resin was stored in a bottle with a Teflon screw cap in the dark at room temperature.
Immediately before quantitative analysis, resin was added to a glass column (volume 100 cm 3 ) in slurry form to ensure that it did not dry out, and was then washed sequentially with 5 L of distilled water and 3 L of MQ. The resulting dissolved organic carbon (DOC)-free resin is herein referred to as "purified DAX-8." The DOC concentration in the eluate from the resin was generally <0.1 mgC L -1 . For quantitative analysis, excess liquid was removed with a glass vacuum filter holder (Millipore, Japan), and the remaining moist resin was used immediately; its temperature was maintained at <5 C. The moisture content of the resin (usually ca. 55%) was measured precisely and the mean resin volume was calculated by subtracting the water volume from the volume of the weighed resin. One gram of purified DAX-8 is equivalent to 2 mL, except for the water volume.
Optimization and standardization of quantitative analysis of AHSs
Water samples for quantitative analysis of AHSs were filtered through a 0.3-μm glass fiber filter. For the adsorption of AHSs onto purified DAX-8, 6.6 mL of 2.5 M H2SO4 was added to 400 mL of each filtrate to adjust the pH to <2. The acidified filtrate was diluted with MQ in a 500-mL measuring flask (dilution ratio = 1.25).
Two methods exist for measuring the adsorption of AHSs onto resin: column and batch. 6 In most reports on quantitative analysis of AHSs, 7,13 the column method was used because it allows easy control of the rate of adsorption. However, the complexity of the method is a drawback. Therefore, we elected to use the batch method for this study.
To optimize and standardize the quantitative conditions for high-precision analysis by the batch method, each acidified water sample was mixed with purified DAX-8 in a glass vial to achieve a resin-to-solution ratio of 1:100 to 1:10. A control (0.05 M H2SO4 solution) was also prepared to check for carbon contamination from DAX-8. The vials were shaken at 110 rpm and 5 C in the dark for 0 -53 h, and then filtered. The DOC of each 20 mL of supernatant was analyzed through a 0.3-μm glass fiber filter, and determined by high-temperature combustion in a TOC-V CPH analyzer (Shimadzu, Kyoto, Japan).
Each experiment was performed in quintuplicate; the highest and lowest values were discarded, and the remaining three values were used to calculate the mean.
AHS-to-DOM proportions were calculated as shown below:
Control:
H2SO4: contaminant of H2SO4 solution only = D,
NonAHS concentration (mgC
AHS proportion (%) = G/F × 100.
In short, AHS was quantified as the difference between the total DOM and the amount of nonAHS.
To determine the upper limit of the sample DOM concentration, we applied our proposed method to water extracted from a peat bog in Scotland (SL). In high-concentration DOM samples, such as those in SL, the precipitation of humic acids sometime increases immediately after acidification of the sample. Thus, we were concerned that the AHS concentration might be underestimated as a result of removal of the precipitate by filtration. Therefore, we first compared the DOM concentrations of two SL samples with original concentrations of 5 mgC L -1 , one acidified normally and the other acidified just before TOC analysis. We then stepwise diluted an SL sample containing the original concentration of 50 mgC L -1 , and quantified the AHS proportions under the standardized conditions. Each experiment was performed in quintuplicate.
To confirm the quantified amount, the solution of the standard AHS sample, Suwannee River fulvic acid (International Humic Substances Society; IS101F), 14 was quantified using our proposed batch method, and compared with the conventional column method.
Results and Discussion
We examined the elution of carbon contaminants from purified DAX-8 under several conditions. Table 1 gives the elution volumes of carbon contaminants from resins that were shaken with H2SO4 solution for 6 h in proportions of 0.25 -2.5 mL of resin to 25 mL of the solution (resin-to-solution ratio of 1:100 to 1:10). The elution volume increases dramatically when the resin ratio exceeds 1:50.
We examined the relationship between the resin ratio and AHS adsorption efficiency under the same conditions as above. Figure 1 shows the DOM concentration of the acidified BN solution (in the far left bar) and the nonAHS concentrations (in the other bars). In short, the AHS concentration can be quantified as the difference between the left bar and the other bars. AHS adsorption seems to be saturated at all resin ratios. We calculated the AHS-to-DOM proportion as 26.5 ± 3.4%, regardless of the resin ratio. Thus, for our proposed method, the best ratio of purified DAX-8 to the sample solution is 1:50.
We examined any changes in the AHS adsorption efficiency with the adsorption times. Figure 2 shows that the AHS-to-DOM proportion in the water sample at MK reached a maximum value at 4 h and retained this value until 53 h. The adsorption time for our proposed method should be set to >12 h, because only then does the AHS proportion stabilize. However, long shaking times can affect water quality. For example, our preliminary experiments showed that when a sample from Lake Biwa with an original carbon concentration of 1.58 mgC L -1 was shaken in a cool and dark place, the concentration decreased to 1.37 mgC L -1 after 24 h, and even further (to 1.15 mgC L -1 ) after 120 h. Thus, for our proposed method, we normalized the adsorption time to 24 h.
To summarize, we standardized the experimental conditions for the quantitative analysis of AHSs by our proposed method according to the following: resin-to-solution ratio = 1:50 (a proportion of 0.5 mL of resin to 25 mL of sample solution) and adsorption (shaking) time = 24 h.
A key consideration for our method is the possible precipitation of humic acids after acidification of samples with high DOM concentrations. For SL with a known, high DOM concentration of ca. 5.0 mgC L -1 , the measured value for a sample that was acidified normally (just after water sampling) was 4.0 mgC L -1 , whereas the measured value for a sample that was acidified just before the TOC analysis was 4.7 mgC L -1 . These results indicate that precipitation increases with the time since acidification; therefore, the DOM concentration is underestimated by removal of the precipitate by filtration. Thus, for our proposed method, samples undergoing measurements of DOM concentration should be acidified just before TOC analysis. Accordingly, we use the TOC analyzer equipped with an automated acid addition system.
We examined the relationships between the DOM concentrations of four SL samples (the original DOM concentration of 50 mgC L -1 was diluted to 18.4, 27.5, 36.9, and 46.1 mgC L -1 ) and AHS proportions quantified under the standardized conditions. The AHS proportion for the sample with a DOM concentration of 46.1 mgC L -1 varied and was slightly lower than that for the other samples. These results indicate that, for sample DOM concentrations of ≤36.9 mgC L -1 , the AHS proportion can be quantified accurately under the standardized conditions. However, in practice, it is tedious and inefficient to quantify samples with DOM concentrations >30 mgC L -1 , because filtration is time consuming. Thus, for our proposed method, samples with DOM concentrations >30 mgC L -1 should be diluted within the range 10 -20 mgC L -1 . Figure 3 shows a schematic overview of our developed method for the quantitative analysis of AHSs. After being filtrated through the 0.3 μm glass fiber filter, and diluted if its DOM concentration is >30 mgC L -1 , the water sample is acidified with H2SO4 to adjust the pH to <2. Next, 0.5 mL of purified DAX-8 is put in a vial with a Teflon screw cap (e.g., Vial No6, Maruem Co., Osaka, Japan), and 25 mL of the acidified water sample is added (resin-to-solution ratio of 1:50). After shaking for 24 h, the DOC of the supernatant is analyzed by the TOC analyzer through a 0.3-μm glass fiber filter. This is the fraction of AHS adsorption (B), performed in quintuplicate. Reference (A), which is the fraction for calculating the total DOM concentration without adding the DAX-8, is performed once. Control (C), which is the fraction for calculating carbon contamination of the DAX-8, is performed in quintuplicate; H2SO4 (D), which is the fraction for calculating contamination of H2SO4, is performed once. The AHS concentration and the proportion are calculated with formulae (1) -(8), as described in the Experimental section.
We used the developed method to quantify standard sample solutions to determine the rate of the quantified amount. Table 2 gives the quantified amounts of AHS standard sample solutions from Suwannee River fulvic acid with carbon concentration set to 4.85 mgC L -1 . Theoretically, the quantified amount of a standard sample solution that dissolved only AHS should be 100%. However, some components that adsorb on the resin more easily, but irreversibly, would be removed from the standard sample in the process of isolation and purification. Moreover, some degradation and alternation would occur on the sample once powderized. Therefore, not all of the redissolved standard sample can adsorb on the resin. In reality, the amount quantified by the batch method adopted in our proposed method remains within 67.7%, whereas that quantified by the column method remains within 71.5%. Although the amount quantified by the column method is slightly higher than that by the batch method, it is more variable. To improve the precision of quantitative analysis, a large number of experimental replications would be needed. Using the column method, extensive pumps or special Teflon-coated apparatus are needed based on the large number of repetitions. On the other hand, in the batch method, no special apparatus was required, expect the TOC analyzer, but the quantitative level was as high as that of the conventional column method.
Note that when evaluating the quantitative values determined by our developed method, not all dissolved AHSs adsorb on the DAX-8 resin. As mentioned above, the quantified amount of the purified standard sample (Suwannee River fulvic acid) was 67.7%. This may be because the standard sample solution contains fewer components that are easily adsorbed to the resin than the original natural samples, because they are free of ash and separated into fulvic and humic acid components. Although quantified amounts of original natural samples are expected to be higher, to compare quantitative values in the future, the same values as that determined by using this method should be used to compare quantitative values in the future. Standard sample is Suwannee River fulvic acid. Fig. 3 Schematic overview of the developed method for the quantitative analysis of AHSs.
